Introduction
Muon fluence (muons-cm-') was measured downstream of the experimental area beam lines at a number of locations including Route 38 (Roosevelt Road) in West Chicago. just beyond the Fermilab site boundary.
The goal was to study the transport of high-energy muons through earth and air. and at the same time obtain an estimate of the yearly offsite radiation exposure to any member of the general population due to accelerator produced muons.
The current run saw the initial operation of four new beam lines -MW. MP. NM, and PB -as well as continued use of previously commissioned beams in all three areasMeson. Neutrino.
and Proton. This report describes the muon fluence profiles at the various locations and the site boundary dose e qgvalent values. Similar measurements for previous fixed-target runs have been reported. Subsequent reports will discuss muon production and transport phenomena.
Measurement*
The measurements were pe@med with the Mobile Environmental Radiation Lab (MERL).
as described previously.
Muons were detected by a pair of 0.64 cm thick plastic scintillator paddles, with transverse dimensions of 20.32 cm by 20.32 cm. The paddles were separated by 15 cm with a 2.54 cm thick aluminum plate placed in the gap to remove &rays.
They were l&ted in the vehicle at a height of about four feet (1.2 m) above the ground.
Standard electronic modules were used to record on scalers both singles and coincidence events from the two detectors. The scalers were gated on during both beam-on (a 23 set beam spill period) and beam-off time periods in synchronization with the accelerator cycle.
Counts during the beam-off period following each spill were used for background subtraction.
Data were collected at a number of locations on the Laboratory grounds and at Route 38. in West Chicago. which is just beyond the site boundary downstream of the experimental areas. Table 1 is a description of the reference locations. Measurements were performed by scanning across the muon radiation field on a line approximately normal to an extension of the beam line.
Detector counts were recorded for at least two beam spills at each position along a scan at all locations.
Primary
beam intensity information was determined with secondary emission monitors (SEM) upstream of the target positions on the beam lines.
Intensities were recorded separately for each spill.
Muon fluence is based on singles rates in the scintillator paddles. Even though two paddles operated in coifcidence may provide a more sensitive measure of the existence of muons in weak fields, the background-corrected singles rate determines the muon flux. The coincidence-to-singles ratio depends upon the direction of the incident maon beam relative to the normal to the paddle surface: a value close to unity means that the muons are incident almost perpendicular to the paddle, while at \he other extreme a value of 0.1 suggests that they impinge isotropically from all directions. Table 2 lists both the average proton intensity per pulse and the total number of protons delivered to each beam line for both 1987 and 1988. Muon dose equivalent at the site boundary associated with the measured fluence is show,n for each beam line in Table 3 for the total proton beam deljved.
The-tvalues -Ire based on a fluence-to-dose equivalent conversion factor of 2.5 x 10 muons cm mrem .
Meson Area Beams
The distribution of muon fluence as a function of lateral distance. referenced as indicated in Table 1 . is ?JI own in Figs. 1. 2. and 3 for Meson area beams.
The results are normalized to 1 x 10 incident protons per spill. At locations 1 and 3 the MW and MC profiles were determined separately for each beam.
At location 2. both the MW and MP profiles were measured with MC off. However, the MC scan could only be obtained with MW running at the same time.
The MP beam line operated only with MC off, and for fewer days during the run. so that time did not allow observations at the site boundary. No muons agsociated with the ME beam line were seen. in agreement with previous observations.
The ME experiment E772. like E605 in past runs, employed a massive magnet to deflect muons vertically.
thus significantly reducing fluence at the operating height of the MERL paddles. Table 4 shows the maximum muon fluence. coincidence-to-singles ratios, and the approximate distancf from the primary targets which are expected to be the main location of muon production.
The maximum annual dose quivalent at Route 38 (the site boundary location) for the total number of protons incident on each beam line is indicated in Even so. muons associated with both PW and PE beam lines were clearly observed at Eola Road, location 4. as shown in Fig. 4 . On the other hand no qf u nce was seen at the site boundary location. Table 3 should be taken as upper limits only. The newly commissioned PB beam contributes significant muon fluence in back of the experimental hall ( Fig. 6 ) and at Eola Road. But again no peak was observed at the site boundary location.
Primary target locations in Table 3 were taken as enclosure PW6 for the PW beam, and enclosures PE3 and PB4 for the other two beams. Fig. 7 shows PW muon profiles at Eola Road that correspond to different operating conditions for the beam line. Both refer to positive pion E705 runs but the scan labelled l/13 represents a condition in which the hadron beam was dumped between the target and the momentum slit. while l/17 refers to runs in which no dumping occurred, so that there was increased pion decay and a correspondingly larger muon fluence. This Figure illustrates that in the measurements reported here muon profiles could change whenever operating conditions were drastically varied.
Mostly, however, reproducibility was good when normal operations were in progress. The site boundary dose equivalent for 1987 is the sum of the no-toroid and toroid-on values. shown in Table 3 . It is based on the total number of protons recorded on the NM2 SEM up to 11/30/87 (no-toroid observations) and from 12/l/87 to 12131187 (toroidon).
The value 13.1 mrcm is about 30% higher than the Fermilab Director's goal to limit off-site exposures to 10 mrem per year.
Muon fluence observed in back of the new Muon Lab is shown in Fig. 11 Fig. 12 . Muon production targets for both these beams are assumed to be primarily in Enclosure NE8 with that for NE. which receives about 2/3 of the incident protons. further west.
It is likely therefore that the largest peak on the figure -the most westerly -is to ba associated with NE.' Also seen on Fig. 12 is a small peak associated with the NM beam line: it probably arises from deflected muons of lower momenta than those selected in Endosure NM5 for transport to the experiment.
There is some evidence that muons associated with NE and NT/NH are also observed at Powerline Road (location 6). Fig. 13 shows a muon profile measured when an access was in progress in the Muon Lab.
Under such conditions beam is still recorded in the NM2 SEM. but no beam is delivered to the experiment. It is hard to understand the existence of the broad peak near-175 feet if it not due to NE and/or NT/NH beams. In fact. the freak intensity is in axcellent l grsement with the value tiom a l/r*-utrapolation of the NE intensity at Eola Road (Fig. 12) . Also. on Fig. 13 Proton Area beam lines at location 3. i.e., the site boundary.
The most westerly data point is probably due to the NM beam line.
PB beam line at location 8. i.e., on road just north of the Wide Band Lab.
PW beam line at location 4 for two different running conditions (see Text).
NM beam line at location 5. Le.. Kress Creek. for both notoroid and toroid-on runs.
NM beam line at location 6. i.e.. Powerline Road. for both no-toroid and toroid-on runs.
NM beam line at location 3. i.e., site boundary. for both notoroid and toroid runs.
NM beam line at location 7. i.e.. road just north of the Muon Lab.
Neutrino Area beams at location 4. i.e., Eola Road. The results for NE and NT/NH are normalized to the NES SEM valuer.: for the NM beam line, they are normalized to the NM2 SEM.
Neutrino Area beams at location 6 during an access into the Muon Lab, i.e., no muon beam accelwated. Proton beam is however incident on the NM2 SEM. There is some evide~nce that a small contribution to muon fluence at all three locations can be attributed to muon production in Enclosure MC2.
Generally, the intensity of protons incident on the NE beam line. recorded in the NES SEM. was lower by almost a factor of 10 than those incident on NM during these measurements. 
